, and one residue is even acidic. Here, we report that constructs containing an inactive basic cluster downstream of the bipartite signal of nucleoplasmin can be directed to the nucleus by flanking them with specific neutral and acidic residues taken from the signal reported for c-Myc. Nuclear targeting by the single cluster KKKK is dependent on it being preceded by PAA and is stimulated if it is followed by the dipeptide LD. The relative positions of these elements are crucial to the function of these NLSs. All regions of the unconventional signal of c-Myc are functionally important. Contrary to conventional views, neutral and even acidic amino acids can play crucial roles in NLSs. 
Results and discussion
We made a series of plasmids, in which nucleotide sequences encoding putative NLSs were inserted into the mammalian/prokaryotic shuttle-vector pPK [12] , next to the carboxyl terminus of the sequence encoding chicken pyruvate kinase. These constructs were amplified by PCR and transiently transfected into COS7 cells. The subcellular localization of recombinant pyruvate kinase at equilibrium was determined by fixing the cells and using indirect immunofluorescence with rabbit anti-chicken pyruvate kinase antibodies, followed by staining with fluoresceinconjugated anti rabbit IgG.
It has been shown previously that the nucleoplasmin NLS is tolerant to mutations in the spacer region [7] . To take this study a stage further, we more than doubled the length of the spacer segment and mutated its sequence to a proline followed by 20 alanine residues. When pyruvate kinase was fused to the wild-type nucleoplasmin NLS it localized to the nucleus (Fig. 1a) ; when this signal was mutated to KRP(A) 20 KKKKLD, localization was also nuclear (Fig. 1b) , demonstrating that the spacer of the bipartite nucleoplasmin NLS can be lengthened and replaced by poly-alanine. The resulting NLS still depended on both basic clusters, because nuclear localization was abolished when the upstream KR basic cluster was replaced by two alanine residues (Fig. 1c) .
When mutant constructs were prepared and used to investigate further the bipartite NLS of nucleoplasmin, one construct produced a surprising result. In this protein, the first basic cluster and spacer of the NLS were replaced by a poly-alanine tract, but this time a proline was inserted three amino acids upstream of the second basic cluster. The encoded protein was predicted to be cytoplasmic, as seen for other single cluster mutants [7] , but surprisingly it was nuclear (Fig. 2b) . Furthermore, the rescue was independent of a long tract of alanines before the proline residue (Fig. 2c) . Therefore, an inactive single cluster of basic residues can be rescued by flanking it with neutral and acidic residues. The PAAKKKKLD sequence (Fig.  2c) , strongly resembles the c-Myc NLS, PAAKRVKLD [11] , in which the central two positively charged lysine residues are replaced by a positively charged arginine and a neutral valine. Two sequences in c-Myc have been reported to allow its import into the nucleus; however, one of the potential NLSs is weaker than the other, and can only target a fraction of the pyruvate kinase to the nucleus of a transfected cell [11] . Deletion studies identified PAAKRVKLD as the stronger NLS; unusually, only three of its nine amino acids are basic.
The construct used in Figure 2c and the c-Myc NLS contain a single, short cluster of basic residues preceded by PAA and followed by LD. The importance of the position of the PAA tripeptide in relation to the basic cluster is highlighted in Figure 2d . In this construct, the PAA sequence followed the basic cluster and resulted in the failure of pyruvate kinase to target to the nucleus. Therefore, the PAA sequence only functions when it is upstream of the basic cluster, just as it occurs naturally in the c-Myc NLS. To determine whether it was important that the LD sequence of the c-Myc and nucleoplasmin NLSs followed the basic cluster, LD was replaced by the NG dipeptide (Fig. 2e) . In this construct, which was otherwise identical to that used in Figure 2c , the extent of nuclear localization was significantly reduced: equal amounts of pyruvate kinase were seen in the nucleus and the cytoplasm. Thus, the LD sequence following the basic cluster in the c-Myc-like NLS is important rather than essential. Although the absence of the LD sequence does not abolish partial nuclear localization, the NLS is less efficient in the steady state.
Interestingly, we found that PAA upstream and LD downstream of either the minimal basic component of the SV40 T-ag T128 mutant NLS (Fig. 3c) , or only its first four basic amino acids (Fig. 3d ) was unable to rescue NLS activity.
The localization of the wild-type T-ag NLS and the cytoplasmic T128 mutant are seen in Figure 3a ,b, respectively. Neither of our experimental constructs rescued NLS activity. As expected, these constructs also failed to target pyruvate kinase to the nucleus when the LD dipeptide was absent (data not shown). Therefore, although the PAA and LD peptides could confer nuclear localization when they flanked the tetra-lysine basic cluster and the KRVK cluster from c-Myc, they were unable to do so when the predominantly basic sequence was derived from the mutant T-ag NLS. This is probably because the exact sequence of the basic cluster must be significant in specifying a functional NLS. In the native c-Myc NLS, the third amino acid in the basic cluster is neutral (valine); in the AAPAAKKKK construct, all four residues are positively charged. In the T128-based constructs, however, the second amino acid in the basic cluster is neutral (threonine). Perhaps this position needs to be occupied by a basic residue in the c-Myc signal, as is clearly the case for the wild-type T-ag signal.
In contrast, the cytoplasmic T128 mutant can be rescued by making it a component of a bipartite-like NLS. When the basic residues of the T128 NLS were placed 10 amino acids downstream of the basic KR dipeptide, nuclear localization of pyruvate kinase was rescued. The amino acids between the KR basic cluster and the mutant NLS may be derived from T-ag (Fig. 3e) or nucleoplasmin (Fig. 3f) . Thus, wild-type NLS function was rescued by further mutating two amino acids at a remote (upstream) site, rather than reversing the original T128 mutation. That the inactive T128 mutant NLS can be rescued by conversion into a bipartite signal but not a c-Myc-like one suggests a hierarchy among the different types of NLSs, with bipartite sequences being the strongest mediators of nuclear targeting. This view is also supported by the fact that the downstream basic cluster of nucleoplasmin resembles the 1026 Current Biology 1996, Vol 6 No 8
Figure 2
Two non-basic components, PAA and LD rescue NLS activity of a single inactive basic cluster from the nucleoplasmin NLS. T-ag NLS and is inactive alone, but the nuclear-targeting function can be rescued by the addition of the non-basic components of the c-Myc NLS in the appropriate positions.
Hitherto, studies of proven NLSs have emphasized either one or two essential clusters of basic amino acids. Although there have been reports of nuclear localization conferred by peptides that do not conform to these two classes [13] , it has been difficult to exclude the possibility that these were protein-protein interaction domains for partners that had more conventional signals. The results of this report are summarized in Table 1 , in which the important features of several generalized functional and non-functional NLSs are compared.
The current knowledge of the rules that define NLSs is inadequate. For example, we show that mutations that inactivate a signal can be rescued by secondary mutations at a remote site, and surprisingly, neutral and acidic residues can play essential roles when they flank a short single cluster of basic amino acids. These findings focus attention on the c-Myc NLS, in which only three out of nine amino acids are basic, yet all regions of the signal are essential or important for nuclear entry. Clearly the rules that define NLSs and their interactions with the receptor importin [3] deserve further examination. The important features of each NLS are highlighted: basic residues are in red; PAA and LD sequences are in green and blue, respectively, with the crucial proline underlined.
